Introduction
For decades, [ 3 H]thymidine ([ 3 H]dT) autoradiography dominated the studies of cell proliferation, birth dating, migration, and fate in the developing brain (Sidman et al., 1959; Altman, 1963 Altman, , 1969 Angevine, 1965; Rakic and Sidman, 1968; Rakic, 1974 Rakic, , 2002b Schlessinger et al., 1975; Nowakowski and Rakic, 1979) . However, because of cost, logistic problems in handling radiolabeled substances, and the lengthy process of developing autoradiographs (3-12 weeks) , contemporary studies are commonly performed with the thymidine analog bromodeoxyuridine (5-bromo-2Ј-deoxyuridine) (BrdU), a halopyrimidine with a different molecular structure than [ 3 H]dT. [ 3 H]dT and BrdU incorporate into the nuclear DNA during the S-phase of the cell cycle (Nowakowski et al., 1989) , and both are known to be toxic (Ehmann et al., 1975; Kolb et al., 1999; Nowakowski and Hayes, 2000; Sekerková et al., 2004; Breunig et al., 2007; Kuwagata et al., 2007) (for review, see Taupin, 2007) . However, since DNA synthesis can be initiated independently of mitosis (e.g., during gene duplication, repair, or apoptosis), both markers are indicators of only DNA synthesis and not of cell division (Yang et al., 2001; Rakic, 2002c; Kuan et al., 2004 ) (for review, see Breunig et al., 2007) as commonly assumed. Nevertheless, [ 3 H]dT and BrdU are generally used as specific markers of neuronal birth during embryonic, postnatal, and adult neurogenesis, mostly without taking into consideration their possible effects on cell division and subsequent cell function and fate.
Use of each DNA marker has advantages and disadvantages. For example, because the half-distance of the beta particle emitted by tritium atom decay is only ϳ1 m, detection of [ 3 H] dTlabeled cells is restricted to a few micrometers deep from the surface of the section (Sidman, 1970; Rogers, 1973 , Bisconte, 1979 . However, the intensity of [ 3 H]dT labeling is stoichiometric (Nowakowski and Rakic, 1974; Rakic, 2002a,b) and can be combined with anatomical tracing methods (Nowakowski et al., 1975) . In contrast, BrdU has the advantage that its presence can rapidly be revealed by immunohistochemical methods (Gratzner, 1982) , which also allow colabeling with various phenotypic markers. Furthermore, although BrdU labeling is not stoichiometric , immunohistochemistry in 50-m-thick tissue efficiently labels all cells throughout the section.
Previous studies in rodent CNS indicated that results obtained with [ 3 H]dT and BrdU are similar (Miller and Nowakowski, 1988; del Rio and Soriano, 1989) . This study was done in primate because its large brain and slow development provide higher spatial and temporal resolution to study the effects of these markers on cellular events. Although data of the time at which labeling of CNS cells takes place in this species, obtained by [ 3 H]dT and BrdU, are in basic qualitative agreement (Rakic, 2002c) , it is important to examine whether the results obtained by these two markers are also quantitatively the same. To make sure that our results are a function of the different effect of these molecules on rolucida Explorer. To plot cells, a "counting" rectangular box (500 ϫ 3000 m) was placed in the cortical area to be sampled, the short side aligned to the pia border while the long side extended toward the white matter (WM). A 200-m-long extension of the rectangle beyond pia served as a guide for positioning. Boxes were located in five different cortical areas: prefrontal cortex (PFC), in the ventral bank of the principal sulcus in area 46V; limbic cortex (LIM), in the cingulate gyrus, area 24a/b; motor cortex (MOT) in area 4 dorsal to the superior precentral dimple; somatosensory cortex (SOM), in area 1-2 in the laterodorsal surface of the post-central gyrus; and in the visual cortex (VIS) in the ventral back of the calcarine sulcus (area 17) (Fig. 2) .
In the BrdU cases at E70, we obtained 1 box of data per cortical area per brain, 25 boxes in total. From the single [ 3 H]dT case at E70 (Table 1) , we also obtained a total of 25 boxes of data, 5 boxes from every cortical area. In the BrdU cases at E55, we obtained 4 boxes of data per cortical area, for a total of 20 boxes, 3 boxes per cortical area in one brain and 1 box per cortical area in the second brain. In the corresponding case for [
3 H]dT, we obtained 3 boxes per cortical area for a total of 15 boxes. The rostrocaudal position of the selected sections was closely matched between brains and the corresponding boxes were placed using the same orientation and at approximately the same location with respect to anatomical landmarks [i.e., boxes were always placed at matching positions between the different sections to sample the corresponding cortical area (Fig. 2) ].
We investigated cell numbers and positions of cells with respect to the pia and we compared the results for corresponding cortical areas between BrdU and [ 3 H]dT before and after applying correction factors to account for cortical thickness differences and tissue shrinkage. We collapsed the plotted cells to the pia-WM plane and calculated the distribution of labeled cells from pia to the WM (inclusive) that resulted from both BrdU and [ 3 H]dT labeling. To plot the distribution of cells, we measured the straight distance from each plotted cell to pia and then calculated the mean number of cells encountered at each depth in bins of 100 m size. Because of differences in the total number of labeled cells both within the same region using the same label and between regions using different labels, we normalized the data by calculating the binned mean percentage of cells with respect to depth from pia and plotted the histogram distribution of mean percentages (per bin) of both populations. The relationships between the corresponding distributions, per cortical area, were investigated using nonparametric tests (see below, Statistical analyses).
Criteria for positive labeling. In both [ 3 H]dT and BrdU material, the staining consists of a gradient in amount and intensity of the corresponding precipitate (silver grains in [ 3 H]dT and DAB in BrdU cases). The nucleus of a [
3 H]dT cell was considered positive when it contained a minimum of three discrete grains that would clearly outnumber any grains over similar surface areas in the background (Rakic, 1973) . Regions of high background where many silver grains could be observed outside of cellular profiles were not used for counting; and a new cleaner area, usually in a different section, was selected. Similarly, nuclei of cells were considered to be BrdU positive if the amount and intensity of their labeling far exceeded that of their background. In this manner, for both [ 3 H]dT and BrdU, the whole gradient of positive cells, from lightly to heavily labeled, was plotted. We differentiated only between positively stained and unstained cells and not between heavily and lightly stained cells. This strategy assures that there is no bias in the sampling and therefore allows comparison of labeled cell numbers and their distribution.
Statistical analyses. For quantitative comparisons and detailed statistical analyses between BrdU and [ 3 H]dT, we examined animals injected at E70 and E55 (Table 1) . Statistical analyses were performed with Analyzeit, version 2.12 for Microsoft Excel. Univariate statistics [means Ϯ SEM, frequencies (percentage)] were performed for all study variables. The distributions of different data were examined to check for normalcy and homoscedasticity to confirm the appropriateness of the statistical procedures. Normality was assessed using the Shapiro-Wilk test. Homogeneity of variance was tested with an F test. ANOVA was used to compare means among normally distributed populations with equal variance. Nonparametric ANOVA alternatives were performed with the MannWhitney and/or Kruskal-Wallis tests. Agreement between distributions was evaluated using Bland-Altman analysis (Altman and Bland, 1983; Bland and Altman, 1986) . Further analyses included the computation of 
Qualitative assessment (n ϭ 14) of the position of labeled cells was performed in all cases. Quantitative comparisons (n ϭ 9) were made only for cases in which the injection time closely matched for both markers. F, Female; M, male; U, unknown; E, embryonic age at time of injection (days); P, postnatal day at time of killing (days). H͔dT cell numbers as follows: total-1 detected cell numbers multiplied 20ϫ represents the case in which detection occurred on the top 2.5 m of the tissue; total-2 (10ϫ) and total-3 (5ϫ) represent cases in which detection occurred within 5 and 10 m from the top, correspondingly. For ͓
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H͔dT, we assumed survival of 100% until detection; for details, see Results, and Materials and Methods, Technical considerations and corrections of methodological differences.
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After normalizing cortical thickness per area against that in BrdU material. H͔dT cell numbers by 500%. This corresponds to the case for which we had the worse possible comparisons (Table 2 , Total-3, for the number of ͓ 2 values and Spearman correlation coefficients. When appropriate, least square difference (LSD), Tukey's, or Bonferroni's corrections were applied.
Technical considerations and corrections of methodological differences. To compare the actual number of cells that the plotted cells represent, it is necessary to make several corrections relevant to the methodological differences between the two approaches. First, BrdU sections were cut 50 m thick, while [
3 H]dT sections were 8 -10 m (E70) and 30 m (E55) thick, respectively. Because immunocytochemistry exposes BrdUpositive cells throughout the thickness of the section, we consider the number of BrdU plotted cells to represents 100% of the BrdU-labeled cells that are present in the examined tissue. Although previous studies have shown that the number of labeled cells observed following exposure to BrdU is sensitive to multiple parameters (Hayes and Nowakowski, 2002) , BrdU immunohistochemistry in 50-m-thick sections is not limited by penetration issues. The same, as mentioned before, does not apply to [ 3 H]dT-labeled cells because detection of [ 3 H]dT is restricted to a few micrometers deep from the surface of the section. This is due to the limited impregnation of the tissue and the fact that the half-distance of the beta particle emitted by tritium atom decay is ϳ1 m. Previous experiments, in methacrylate-embedded tissue, showed that only the top 2-3 m contain silver grains. But this also depended on the thickness of the sections and emulsion (Caviness and Barkley, 1971 ). In our case, the tissue was not embedded, making the surface more wavy and more accessible to the emulsion, which would result in slightly deeper detection. Also, if nuclei are of the order of 10 m in diameter, in 50-m-thick tissue, ϳ20% of them are exposed to the surface and a higher percentage would be exposed with detectability to deeper locations (e.g., ϳ26 -30% to the top 3-5 m). Considering the variables at play and our microscopic observations, since we cannot know with absolute certainty the ratio of the number of we used this case for comparison reasoning that, if differences in cell numbers are still detected, they must indeed exist. Shrinkage corrections were done in 3D using the appropriate tool in StereoInvestigator. To get an accurate measure of cortical thickness, we measured the distance from pia to the WM along the sides of every counting box and added a third measurement in the middle. Then we obtained an average cortical thickness at the exact place where cells were being plotted and averaged those averages to get a measure of thickness for each cortical area, for both the BrdU and [
3 H]dT material. The thickness of each cortical area, section by section, was then standardized to the average thickness obtained in the BrdU material, which was the most homogeneous. Another possible correction should take into consideration the number of generations that are detectable by the two methods. In principle, the amount of label per nucleus should be halved with each cell cycle. BrdU allows detection of only approximately three cell cycles (Hayes and Nowakowski, 2002) . For [ 3 H]dT, since we are using ϳ3 grains per nucleus (provided a clean background), and assuming an average maximum of 50 grains/nucleus, we might be detecting between three and four cell cycles. However, because the great majority of nuclei counted had more than just three grains, we expect the number of positive labeled cells we detect on both cases to correspond roughly to a maximum of three cell cycles for both markers.
Results
In every cortical area analyzed and for both injection times, [
3 H]dT-outnumber BrdU-labeled cells. In addition, [
3 H]dTlabeled cells formed narrow (a few hundred micrometers wide) bands at discrete depths from pia, while BrdU-labeled cells were much more widespread.
Assessment of labeled cell numbers
Even assuming the extreme case in which [
3 H]dT is detected within 10 m from the top surface of the tissue (see Materials and Methods, Technical considerations and corrections of methodological differences), at both time points and in each cortical area, the number of [ 3 H]dT-labeled cells was substantially larger than that of BrdU (Table 2, Fig. 3 A, B) . Although the incorporation of markers could affect the cell cycle, in the absence of precise data to this effect, we assumed that the cell cycle itself does not suffer major alterations. Hence, since both markers label cells in the S-phase of cell division, we suggest that the difference in the number of labeled cells is likely due to differential cell death and that, for the case under consideration, on average, at least ϳ60 and ϳ50% of BrdU cells died after injections at E70 and E55, correspondingly (Table 2) . These percentages are even higher if detectability of [ 3 H]dT is reduced from 10 to 5 or 2.5 m.
For postnatal animals injected at E70, the distributions of the mean number of [ 3 H]dT-and BrdU-labeled cells per cortical area were all normal and had equal variances. [
3 H]dTlabeled cells outnumber BrdU-labeled cells in all cortical areas, and the difference is statistically significant in all areas except the VIS cortex (Fig. 3A) . If detectability of [ 3 H]dT is considered for 2.5 and 5 m, then, even for the VIS cortex, the difference is statistically significant. The mean number of plotted BrdU cells across different cortical areas (Table 3) cortex and other cortical areas, we remove the VIS cortex from the analysis, there is a significant difference in the new groups (F (3, 16) ϭ 3.52; p ϭ 0.039). Hence, to investigate how the mean number of BrdU plotted cells differed among cortical areas, we performed LSD-corrected multiple-comparisons tests and established statistically significant differences between different cortical areas (Table 3) . With a more stringent Bonferroni correction, the differences between the VIS and other cortical areas are still detected. For postnatal animals injected at E55, the mean number of plotted [
3 H]dT cells across different cortical areas was less tight than in the E70 cases (range, 63-161), due mostly to a very low number of cells in the SOM cortex. If the SOM is removed from the sample, the numbers are in a similar range to those at E70. There was also similar variability in BrdU plotted cell numbers (range, 195-398) across cortical regions; and here, as in the E70 injections, the VIS cortex contained the largest number of BrdU cells (Table 3 , Fig. 3C,D) . Here too, when using a [
3 H]dT maximum detectability within 10 m (see Technical considerations and corrections of methodological differences, above), a comparison of plotted cell numbers indicates statistically significant differences in all cortical areas except the PFC. After corrections, a comparison of labeled cell numbers shows that [ 3 H]dT cells outnumber BrdU-labeled cells in all cortical areas studied and that differences are statistically significant in all areas except the SOM cortex (Fig. 3B-D (Rakic, 1974 (Rakic, , 2002a . With and without shrinkage corrections (including normalization of cortical thickness), plotting of the histograms representing the continuous distribution of mean percentage BrdU and [ In the monkey exposed to [ 3 H]dT at E70, the apices of the distributions of labeled cells for different cortical areas (Fig. 4 B) are each confined within distinct bins situated at different depths from the pia. In all cortical areas, the distributions are relatively narrow, and the peak amplitudes are high. Most labeled cells are close together and form a distinct band that is visible with both light and dark-field microscopy. In contrast, the apices of the distributions of BrdU-labeled cells for all cortical areas, except VIS, are located within the same bin (Fig. 4 A) (Fig. 5) . Consequently, normalization has most of the effect on the [ 3 H]dT percentage accumulation (lower per 100 m bin) and positional depth of the highest peaks (deeper, closer to WM) and almost no effect on the BrdU distributions. After cortical thickness normalization, the accumulation of BrdU cells does not surpass 16% at any given bin, while the corresponding peaks in the [ 3 H]dT distributions drop (Table 2 ). However, BrdU cells are still much more broadly distributed, while [ 3 H]dT cells are still more compactly distributed (Fig. 5, compare A, B) .
Similarly, in the monkeys exposed to [ 3 H]dT at E55, the corresponding distributions are much more compact than the BrdU distributions. PFC, LIM, SOM, and VIS cortices all accumulate Ͼ20% of the cells within a single bin (Table 2) . For BrdU, the apices of the distributions of labeled cells in the PFC and LIM coincide in depth, SOM and VIS cortices have discrete peak apices, and MOT cortex does not really have a salient peak (Fig. 4C) . Here, much more pronounced than in the E70 cases, there are quasi-salient peaks at different depths particularly for the LIM, MOT, and SOM cortices. Also, BrdU-labeled cells distribute broadly, and their accumulation, even after cortical thickness normalization, does not surpass 14% at any given bin.
The effect of normalizing cortical thickness in monkeys exposed at E55 is identical with that described for the E70 cases. The [ 3 H]dT peaks drop in amplitude and are displaced to deeper locations, but the differences between BrdU and [ 3 H]dT distributions persist (Fig. 5, compare C, D) . A sizable percentage of BrdU cells labeled by injection at E70 accumulate in deep bins, while in the animals exposed to [ 3 H]dT at the same embryonic age, most labeled cells reach more superficial bins (Table 2) . Deeper than 1900 m, which in the PFC, LIM, and VIS correspond to the WM, and in MOT and SOM cortices correspond to either WM or lower layer VI, the difference between the mean percentage numbers of BrdU and [ 3 H]dT cells, in all cortical areas examined, is substantial (Table 2) .
In animals injected at E55, many labeled cells are normally destined for the deeper layers; despite this, as was the case at E70, there are more BrdU than [ 3 H]dT cells found at very deep locations, including in the WM (Table 2) .
Visual examination of the distributions for corresponding injection times, independently of cortical thickness normalization, indicates that the central locations (median) of the BrdU and [
3 H]dT percentage distributions are different between corresponding cortical areas. Furthermore, nonpara- 3 H]dT cells in bins of 100 m from pia to (and including) WM. As indicated by color gradient, the transition from gray matter to WM is not an abrupt one. WM border usually initiates at ϳ1800 m deep, but this depends on the region, angle of cut, etc. A, B, Injections at E70. A, BrdU peaks for the PFC, LIM, MOT, and SOM cortices coincide in depth between 200 and 300 m from pia. The peak for VIS cortex is between 1000 and 1100 m deep. In addition to these peaks, for all BrdU cases there are other quasi-salient peaks at different depths, and in most cases Ͼ10% of the cells accumulate deeper to where no [ 3 H]dT cells accumulate. Between 2 and 3% of the cells are found at very deep locations including within the WM (Ͼ1900 m from pia). Because of the spreading of the distributions, the largest accumulation of BrdU cells in a single bin is low, in the range from ϳ12 to 17%. B, [ 3 H]dT peaks are discrete (i.e., separate from each other) and compact. In order of depth are LIM (at 300 -400 m), MOT (at 400 -500 m), SOM (at 500 -600 m), PFC (at 600 -700 m), and VIS (at 800 -900 m) cortices. There is no accumulation of cells at deeper locations and no cells found in the WM. Consequently, in each cortical area the largest accumulation of Importantly, the differences between groups ([ 3 H]dT vs BrdU) are greater than the differences within a group of animals labeled with the same marker. To illustrate this, two BrdU (two males; both E70 -P75) and two [ 3 H]dT cases (unknown gender; E62-P50 vs E70 -P98) were chosen for closer comparison. Since the difference between groups is smallest (3.5%) in the PFC for injections at E70, it is important to establish that this difference is still larger than that between two animals labeled with the same marker. This was indeed the case. The average difference in the PFC between the two BrdU cases was 1.7%, and the average difference between the two [ 3 H]dT cases was 2.6%. These differences were similarly small in all areas compared with the between group differences. The largest difference within the same area was 3.1% in the visual cortex of the [ 3 H]dT-E70 case. Within-group differences were not calculated for injections at E55 (Fig. 7 ).
Discussion
Our analysis shows that incorporation of BrdU into the cell has a sizable effect on labeled cell numbers and final positions. Compared with [ decreased cell survival, rather than decreased cell proliferation. Final cell position is affected by faulty migration that gives rise to higher BrdU-labeled cell dispersion. We suggest that both effects may be mediated by BrdU toxicity, which compromises DNA translational function and gene expression. 3 H]dT possibly reflects closer DNA in the naive noninjected animal. BrdU has a different structure and integrates a totally foreign atom (Br) into replicating DNA when it introduces bromouracil in lieu of thymidine (Brockman and Anderson, 1963; Hitchings and Elion, 1967) . This causes the subsequent faulty base pairing of bromouracil with guanine instead of adenine (Roy-Burman, 1970 BrdU is chemically and structurally significantly different from [ 3 H]dT, genes that use it as its substitute are unlikely to transcribe correctly into RNA and eventually the proper protein. It is almost impossible to expect that such drastic changes in the double helix would not have deleterious effects on cell fate and function.
BrdU toxicity has been documented in a host of studies both in vitro and in vivo in a dose-dependent manner, and toxic effects have been shown at even lower doses than what we and most other laboratories use (Biggers et al., 1987; Kolb et al., 1999; Sekerková et al., 2004 ) (for review, see Breunig et al., 2007) . BrdU has detrimental effects on cell cycle, differentiation, and survival of neural progenitor cells (Lehner et al., 2011) , and its adverse effects on chromosomes have been known for almost 50 years (Hsu and Somers, 1961) . BrdU produces morphological and behavioral abnormalities; increases sister chromatid exchanges, mutations, and breaks; alters DNA stability; and may render cells unable to divide or carry out normal division (Bannigan and Langman, 1979; Saffhill and Ockey, 1985; Morris, 1991; Kolb et al., 1999) . At higher doses, (400 -600 mg/kg; mouse), BrdU causes an increase in the duration of the S-phase and mitosis, making the cell cycle 5 h longer than normal with the additive effects of cell death and retardation of the cell cycle causing a 15% deficit of Purkinje cells in the postnatal cerebellum without interfering with cell differentiation (Bannigan and Langman, 1979) . Similar effects have been reported in neocortex (Webster et al., 1973) where BrdU prolonged the duration of mitosis, did not block cell division, and also caused cell death.
BrdU affects cell numbers and/or cell survival
Our results indicate that BrdU toxicity compromises the number of labeled cells and/or the number of cells that survive. In rodents, the laminar distribution of [ 3 H]dT and BrdU cells closely corresponds and the number of labeled cells is similar after simultaneous injections of either marker at E19 with killing 3 d later (Miller and Nowakowski, 1988 ). In contrast, the longer waiting period (ϳ6 months) between injection and evaluation of cell numbers and positions and the larger primate brain in our study provide higher resolution for detecting intermarker differences.
The lower number of BrdU-than [ 3 H]dT-labeled cells we observed is unlikely due to a lower comparative dosage. The amount of time that the marker is available for incorporation in relation to the length of the S-phase may cause differences in labeling. For instance, lowintensity labeling with both markers may result from their availability only during a portion of the S-phase although also from marker dilution due to multiple cell cycles. To our knowledge, there are no studies determining exactly what comparable doses of [ 3 H]dT and BrdU are in vivo for the primate brain. Although larger doses of BrdU could result in longer availability and increase the pool of precursors that could be labeled (Böswald et al., 1990) , they would also be more toxic and likely increase cell death. Thus, lower BrdU cell numbers may be caused by inhibition of cell proliferation as well as effects on cell cycle exit behavior or increased cell death.
The length of the S-phase progressively lengthens over successive cell cycles in mice (3-5 h) and rats (5-9 h), while in macaque monkey it first lengthens (from 5.2 h at E40 to 14.9 h at E60) and subsequently shortens (4.6 h at E80) (von Waechter and Jaensch, 1972; Miller and Nowakowski, 1991; Reznikov and van der Kooy, 1995; Takahashi et al., 1995) (for review, see Kornack and Rakic, 1998 ). For ages E55 and E70, we estimate the length of the S-phase to be ϳ10 and ϳ12 h, correspondingly [Kornack and Rakic (1998) , their Fig. 3 ]. ]dT distributions after normalization of cortical thickness per cortical area. The difference (percentage) between the distributions is indicated in bold numbers above them. A, For injections at E70, some BrdU cells lag behind their proper depth in the PFC, LIM, and MOT cortices, while in SOM and VIS cortices they overshoot their target and position themselves more superficially than they should. B, Early on (at E55) the pattern was exactly the opposite, some BrdU cells in the PFC, LIM, and MOT cortices bypass their target depth with reference to pia and position themselves more superficially that they should, while in SOM and VIS cortices they lag behind. The numbers in parentheses (E70 cases; a single pair of animals in each case) indicate that the within-group differences are smaller than the between-group differences for each marker and within each cortical area.
In mice and rats, the time of tracer clearance from blood serum ranges from 0.5 to 1 h, which is short compared with the length of the S-phase and the reason why single injections are considered a single pulse of tracer (Lamerton and Fry, 1963; Cleaver, 1967; Packard et al., 1973; Nowakowski and Rakic, 1974) (for review, see Taupin, 2007) . Also, the kinetics of [ 3 H]dT and BrdU in mice is similar in that the loading time to label an S-phase cell to detectability is Ͻ0.2 h and cells that enter the S-phase continue to be detectable for 5-6 h . [ 3 H]dT, after a single intravenous injection in a monkey at the dose we used, is available for incorporation for ϳ10 min (Nowakowski and Rakic, 1974) . Hence, if we assume similar loading times and kinetics for [ 3 H]dT and BrdU transport across the placental barrier, then, even if availability ranges are somewhat different, given the length of the S-phase compared with marker availability and the prolonged tempo of corticogenesis in this species, injections of either marker at the same embryonic age should result in approximately the same number of labeled cells with similar distribution. Since this is not the case, it seems that, over time, BrdU toxicity interferes with cell survival. In addition, larger variability in the number of BrdU-than [ 3 H]dT-labeled cells among cortical areas may indicate that the cell cycle kinetics of the corresponding progenitors may be different in each cortical area (Dehay et al., 1993) or that cells are affected differently by incorporation of BrdU. Furthermore, a very important but often neglected caveat is that BrdU can induce mitotic division that would not normally occur and also can be incorporated into DNA of nondividing postmitotic cells and into dying cells (Goldsworthy et al., 1992; Yang et al., 2001; Kuan et al., 2004; Qu et al., 2004; Caldwell et al., 2005; Breunig et al., 2007) . Thus, cell death may be even larger if BrdU initially increased cell division. These issues can be resolved only by short time experiments not practical in primates.
BrdU disturbs cell migration and ultimately their final position
Our study indicates that BrdU compromises cell migration and influences final cell position. Normal migration and proper positioning of neurons in the cortex are processes genetically determined (Rakic, 1974; Shen et al., 2006) . BrdU incorporation into the cell nucleus may have deleterious effects on gene expression necessary for providing postmitotic migrating cells with information regarding polarity, selection of pathway substrate, migration rate, guidance to proper lamina, and instructions for differentiation and connectivity.
After normalizing for cortical thickness, in all cortical areas for E70 cases and in all except MOT cortex for E55 cases, the highest peaks of the BrdU distributions were consistently more superficial than the corresponding [ 3 H]dT peaks. One possible explanation is that many BrdU cells were labeled slightly later than [ 3 H]dT cells and that this would be an indication of lengthening of BrdU availability, delays in the ability of BrdU cells to divide, or that some underwent a waiting period before continuing cell division. However, our findings also show more BrdU than [ 3 H]dT cells at deeper locations, suggesting that BrdU cells are "lost" in their migration and cannot find their target position.
Our data indicate that cells found at a particular cortical area were destined to be there but made errors in finding their proper radial position. We consider differences in lamina positions even more striking than differences in labeled cell numbers because they are independent of technical corrections. We interpret both findings to be indicative of unequivocal biological differences between the two labels.
In conclusion, it is essential to take into account BrdU toxicity and its adverse effects when evaluating experimental results using this compound. This is especially important when investigators make multiple injections or use continuous exposure and assume that cells that have incorporated BrdU divide, migrate, or differentiate normally and then assume normal function. While BrdU and [
